Abstract. Type classification of osteonecrosis of the femoral head (ONFH) is important for collapse prediction in ONFH, which depends on a complexity of factors. At present, most typing is based on single factors, including the location or size of the necrosis, or the bone repair capacity after ONFH, and is therefore limited. The present study proposes an 'ABC' method for ONFH typing based on biomechanics and the stress distribution characteristics of the femoral head's bone trabeculae. In total, 132 ONFH patients (223 hips) were enrolled at Guanganmen Hospital (Beijing, China). Each of the hip joints included was subjected to computerized tomography and/or magnetic resonance imaging. The images with the maximum necrotic area in the coronal femoral head were selected, and the femoral head's maximum transverse diameter was divided into three pillars (A, B and C, from the outside to the inside) according to a 3:4:3 diameter ratio. ONFH was typed according to the number of pillars involved in the necrosis. Differences in the collapse rate of different ONFH types, and the correlation between the theoretical collapse risk and the observed collapse rate was analysed. The ONFH types significantly differed in their collapse rate (χ 2 =76.93, P<0.001) in the following order: A-C (88.6%)>AB (74.1%)>BC (52.4%)>A (50%)>B (9.5%)>C (0%). The collapse risk was significantly correlated with the collapse rate (correlation coefficient R=1). The types A-C and AB had high collapse rates/risks, whereas types B and C had a satisfactory prognosis. The ABC typing proposed in the present study is thus suitable for collapse risk prediction in ONFH. Type classification using this method may provide a valuable reference for selecting regimens for ONFH treatment.
Introduction
Osteonecrosis of the femoral head (ONFH) is one of the most common challenging orthopaedic conditions and poses a great threat to human health (1, 2) . ONFH has a high occurrence rate; in China, an estimated 5,000,000-7,500,000 ONFH patients currently require treatment and the number of novel cases per year is as high as 150,000-300,000, and thus, it ranks first among hip joint diseases (3, 4) . ONFH frequently occurs in young and middle-aged populations. Without any timely and effective treatment, ONFH develops to femoral collapse in ~80% of patients within 1-4 years, ultimately causing severe damage to the entire hip joint (5) (6) (7) (8) (9) .
At present, ONFH patients without collapse or with only mild collapse are primarily subjected to joint preservation. However, once noticeable femoral collapse occurs, the efficacy of preservation treatment is greatly decreased. Consequently, patients must undergo total hip arthroplasty (THA) (8, 10, 11) . Furthermore, artificial prostheses have a limited service life. For this reason, most young patients receive repeated THA, which is not only painful for them but also greatly increases the economic burden on their family and society (12) . Therefore, whether collapse occurs after ONFH is critically relevant to the prognosis of ONFH and the guidance of clinical treatment, and accordingly, the prediction of collapse after ONFH has long been a clinical research focus.
Numerous studies have indicated that whether femoral collapse occurs after ONFH is associated with the location and size of the necrosis, as well as with the bone remodelling ability, and most of the studies that evaluated the Association Research Circulation Osseous (ARCO) stage, Japanese Investigation Committee (JIC) type, the sum of the necrotic angles, the proportion of the necrotic area and the proportion of the proximal sclerotic rim have indicated that a large necrotic area, necrosis located at the lateral part of the femoral head and poor bone remodelling ability after necrosis are risk factors for the collapse of the osteonecrosis-affected femoral head (13) (14) (15) (16) (17) (18) (19) (20) . However, due to the complexity of the issue itself and the limitations of imaging examination, all of the above studies predicted the occurrence of the collapse from only one perspective. The ARCO (21) and Steinberg systems (22) have been widely applied in ONFH staging. These systems propose subtypes of ONFH based on its severity and its characteristics at different stages. However, their classifications of different subtypes of ONFH primarily focus on the necrotic area based on imaging features of ONFH at different stages, without taking the necrotic location into account. Li et al (23) of the China-Japan Friendship Hospital (CJFH) proposed a novel typing method based on the necrotic location and the necrotic area. They postulated that ONFH may be classified into the medial (M), central (C) and lateral (L) types, and the L type may be further classified into L1, L2 and L3; the M and C types have a good prognosis, followed by the L1 type, while the L2 and L3 types have the poorest prognosis. This typing method may be used for direct demarcation of the necrotic area and is not influenced by any acetabular anatomical factors. The method results in smaller errors in predicting collapse compared with other methods and is therefore more satisfactory than other methods in clinical practice. However, the CJFH method has its own limitations. First, it utilizes the medial slice of the coronal section based on computerized tomography (CT) or magnetic resonance imaging (MRI). It is generally thought that the medial slice of the femoral head is the site that bears the maximal stress. However, the maximal necrotic area may better reflect the actual ONFH status, as it is the mechanically weak area where collapse tends to occur. Therefore, the maximal necrotic area may provide better information for accurate ONFH prognosis prediction. In most patients with ONFH, the maximal plane of the necrotic focus is not located at the medial plane, but instead slightly anterior or posterior (24) . Furthermore, the CJFH method fails to clarify the mechanical foundation and detailed demarcation of the three-pillar structure. This drawback causes a degree of randomness in the demarcation of the femoral three-pillar structure in clinical practice, thereby increasing the uncertainty of the prediction results.
The structure of bones appears to be adapted to performing specific functions. While the bone structure determines what functions the bone is able to perform, the functions also influence changes in the bone structure, i.e., a change in either structure or function causes a change in the other to maintain the balance between them (25) (26) (27) . According to Wolff's law, bone trabeculae are not arranged out of order, but rather along the direction of the primary compression to present an optimal stress-bearing characteristic (28) . According to this system, the proximal trabeculae of the femoral head is divided into primary compression trabeculae, secondary compression trabeculae, primary tensile trabeculae, secondary tensile trabeculae, and pertrochanteric trabeculae, and the inside of the femoral head comprises the primary compression trabeculae and primary tensile trabeculae. A stress test on the proximal femoral head demonstrated that the stress on the primary tensile trabeculae was noticeably reduced under a normal physiological load, whereas the primary compression trabeculae became the primary stress region (29) , suggesting that the primary compression trabeculae serve as the primary weight-bearing structure under a normal physiological load and as the primary mechanical support site, and that the distribution limits of the compression trabeculae may be regarded as a basis for three-pillar demarcation. Analysis of the characteristics of the collapse site in ONFH indicated that the anterolateral part of the proximal femoral head is the most common site of collapse. This part of the proximal femoral head contains sparsely distributed primary compression trabeculae, suggesting an important weight-bearing role for the compression trabeculae in the femoral head (30) . The application of the three-pillar theory was first proposed by Herring et al (31) in 1992 for the typing of childhood ONFH (i.e., Legg-Calvé-Perthes' disease). According to this theory, the integrity of the lateral pillar provides an effective biomechanical shielding effect for the central part of the femoral head, preventing collapse. If the lateral pillar is structurally impaired as a result of disease, its shielding effect disappears and collapse of the femoral head becomes unavoidable.
In the light of these theories, a previous study by our group assessed frontal X-ray images of the bilateral hips of healthy volunteers (32) . The lateral, central and medial pillars were identified from the intersection points of the lateral and medial rims of the primary compression trabeculae with the maximum transverse diameter of the femoral head, and the width ratios of the lateral, central and medial pillars of the femoral head were then calculated to set a standard of demarcating the three pillars. The results indicated that the ratio of the three pillars of the femoral head in terms of biomechanical weight bearing was ~3:4:3 (32). Based on this result and on the plane with the maximal ONFH area, the present study proposes a novel typing method for ONFH, referred to as ABC typing.
Materials and methods
General data. A total of 132 patients (223 hips) with ONFH who received treatment at Guanganmen Hospital (Beijing, China) from October 2012 to April 2015 were enrolled in the present study. The diagnostic criteria were based on the Chinese Experts' Consensus on the Diagnosis and Treatment of Osteonecrosis of the Femoral Head in Adults from 2012 (1). Among the patients, 94 were males and 38 were females. Their age ranged from 18 to 78 years, with a median age of 43 years. In total, 41 patients had ONFH in one hip and 91 in the bilateral hips, and the median course of the disease was 50 months, ranging from 36 to 147 months. Within the cohort, 45 cases (34.1%) had alcohol-induced ONFH; 57 cases (43.2%) had steroid-induced ONFH and 30 cases (22.7%) had idiopathic ONFH. According to the ARCO staging criteria for ONFH (21), 5 hips were stage I; 79 were stage II, 106 were stage III and 33 were stage IV.
The inclusion criteria for the present study were as follows: i) Diagnosis of ONFH according to the abovementioned criteria (1); ii) an ARCO stage of ≥I; iii) patient age of ≥18 years; iv) MRI or CT of both hip joints available (for patients with an ARCO stage of ≥II); v) a natural disease course of ≥3 years if no collapse of the femoral head had occurred; and vi) informed consent provided by the patient. Patients were excluded from the present study if they met any of the following criteria: i) Traumatic ONFH or ONFH complicated by other joint diseases (including bone neoplasms, rheumatoid arthritis, ankylosing spondylitis, joint tuberculosis or suppurative arthritis); ii) a severe congenital anomaly in the hip joint; iii) a history of hip joint surgery; and iv) mental disorders.
Grouping. An ARCO stage of ≥III was defined as the collapse of the osteonecrosis-affected femoral. The patients were divided into a collapse and a non-collapse group.
CT scanning. A Siemens 64-slice dual-source spiral CT (Siemens AG, Munich, Germany) was used for successive scanning of the bilateral hip joints along the cross-section. The scanning parameters were as follows: Voltage, 120 kV; electric current, 60 mA; and slice thickness for bone tissue window scanning, 0.75 mm. The images obtained were exported in bmp format.
MRI.
A GE-signal 1.5 T superconducting nuclear magnetic resonance analyser (GE Healthcare, Little Chalfont, UK) was utilized to collect T1-weighted images (T1WI) of the coronal section of the femoral head. The scanning parameters for T1WI were as follows: Echo time, 12 msec; repetition time, 560 msec; coil, USC_S12; number of excitations, 2.00; matrix, 320x256; field of view, 24; slice thickness, 3.0 mm; and slice interval, 1 mm.
ABC typing method. Based on the three pillars defined by Herring in Legg-Calvé-Perthes disease (31) and the measurements and observations of the mechanical distribution characteristics of bone trabeculae in X-ray images, the coronal plane of the femoral head was divided into the lateral, central and medial pillars, which represented 30, 40 and 30% of the total width of the femoral head, respectively. The detailed demarcation method was as follows: i) The slice with the maximal necrotic area was selected from the CT (or MRI T1WI) images for measurement; ii) The selected image was opened in Computer Aided Design software (AutoCAD 2012; Autodesk, San Francisco, CA, USA); iii) The femoral head was regarded as a circle to determine its centre, 'O'. A horizontal line was drawn across 'O' and the circle was intersected at the points 'a' and 'd'. The line section 'ad' was the maximum transverse diameter of the femoral head; iv) The vertical lines L1 and L2 were drawn rectangular to the line 'ad', with the intersection points named 'b' and 'c', respectively, dividing 'ad' into 'ab', 'bc' and 'cd' with a length ratio of 3:4:3. The three sections divided by L1 and L2 corresponded to the three pillars A, B and C (Fig. 1) .
According to the involvement of the three pillars in the necrotic focus, ONFH was classified into 6 types as follows ( Fig. 2) : Type A (lateral)-the lateral pillar was involved, but the central and medial pillars were intact; Type B (central)-the central pillar was involved, but the lateral and medial pillars were intact; Type C (medial)-the medial pillar was involved, but the central and lateral pillars were intact; Type AB (lateral double-pillar)-the lateral and central pillars were involved, but the medial pillar was intact; Type BC (medial double-pillar)-the central and medial pillars were involved, but the lateral pillar was intact; Type A-C (three-pillar)-all pillars were involved.
Collapse risk value assignment. The necrotic area is known to be positively associated with the risk of collapse (14, 17, 18, 20) ; therefore, the involvement of one, two or three pillars was scored as 1, 2 or 3 points, respectively. Furthermore, the collapse risk is high when the lateral pillar is involved (23); thus, the involvement of the medial, central or lateral pillar was assigned 1, 2 or 3 points, respectively. Based on these methods, the collapse risk was scored for different ABC types.
The differences in the occurrence of collapse in the different ABC types of ONFH were examined, and the correlation of the collapse risk value with the collapse rate was analysed. The image review, evaluation and scoring were performed by experienced orthopaedists.
Statistical analysis. Data were processed using SPSS 12.0 software (SPSS, Inc., Chicago, IL, USA). The differences in the collapse rate among different ABC types were tested using the chi-square method. The correlation between the collapse risk value and the collapse rate was analysed by calculating Spearman's rank correlation coefficient. All statistical tests were two-sided. P<0.05 was considered to indicate a statistically significant difference.
Results
Baseline data. The collapse group included 166 hips and the non-collapse group included 57 hips. In the collapse group, 72 patients were males and 24 were females, and in the non-collapse group, 22 were males and 14 were females. No significant difference was observed in the gender ratio between the groups (χ 2 =1.38, P=0.24). The average age of the collapse group was 44±3 years and that of the non-collapse group was 45±4 years. No significant difference in age was observed between the two groups (t=-0.93, P=0.35). Finally, the average disease course of the collapse group was 4.3±1.2 years, and that of the non-collapse group was 4.0±0.7 years (t= 0.98, P= 0.33).
Distribution of the ONFH types.
The proportions of the A, B, C, AB, BC and A-C types among the total enrolled cases were 0.9, 9.4, 1.3, 12.1, 9.4 and 66.8%, respectively. These results suggest that ONFH involving only the lateral or the medial pillar was rare in clinical practice, whereas the involvement of all three pillars was common (Table I) .
ABC typing of the collapse and non-collapse groups.
Among the 166 hips in the collapse group, one (0.6%) was type A, two (1.2%) were type B, 20 (12.1%) were type AB, 11 (6.6%) were type BC and 132 (79.5%) were type A-C. Among the 57 hips in the non-collapse group, one (1.9%) was type A, 19 (33.3%) were type B, three (5.3%) were type C, seven (12.3%) were type AB, 10 (17.5%) were type BC and 17 (29.8%) were type A-C (Table II ). Significant differences were observed between the two groups regarding all types (P<0.001).
Collapse occurrence in the different types of ONFH.
Among the 223 hips with ONFH, collapse occurred in 50, 9.5, 0.0, 74.1, 52.4 and 88.6% of hips of the type A, B, C, AB, BC and A-C, respectively (χ 2 =76.93, P<0.001). For the different ONFH types, collapse occurred most frequently in the following order: A-C>AB>BC>A>B>C (Table III) .
Pairwise comparison of the collapse occurrence between the different types of ONFH revealed significant differences (Table III) . However, as the sample size of certain groups was small (for instance, there were only 2 cases of type A and 3 cases of type C), the statistical power may have been low. Therefore, the data were re-analysed regarding the extent and location of ONFH using a lower number of categories. Based on the number of pillars involved (i.e., the necrotic area), the joints were stratified into one-, two-and three-pillar involvement groups. In addition, according to whether the necrosis affected the lateral pillar, the joints were stratified into lateral pillar-involving and non-lateral pillar-involving groups. The analysis of the merged data revealed the following: The groups with different numbers of pillars involved exhibited significant differences (χ 2 =72.20, P<0.001), in the following order: The three-pillar group (88.6%)> the two-pillar group (64.6%)> the one-pillar group (11.5%; Table IV ). Furthermore, the lateral pillar-involving group and the non-lateral pillar-involving groups exhibited a significant difference in the collapse rate (86.0 vs. 28.9%; χ 2 =61.47, P<0.001; Table V) .
Correlation between the collapse risk and the collapse rate.
The collapse risk values were assigned according to the ABC type (i.e., 6 categories) to verify the correlation between the collapse risk and the collapse rate. The collapse risk was noticeably correlated with the collapse rate (R=1 ; Table VI ).
Discussion
The CJFH typing method applied in the present study is based on the three-pillar theory, considers the necrotic location and the necrotic area (23) , and its proposal has greatly increased the accuracy of collapse prediction (30) . However, this typing method has certain limitations. First, in clinical practice, a relatively large proportion of cases suffer from ONFH located in somewhat anterior or posterior areas, therefore the medial plane is less likely to reflect the actual necrotic state compared with the maximal plane (33) . Particularly, for patients with a small necrotic area, the medial plane may not even reveal the necrotic area (33) . In a previous study by our group, the mechanical distribution of ONFH was analysed using the finite element method, indicating that the most noticeable stress concentration was at the border between the necrotic tissue and the normal tissue, where collapse was most likely to occur (34) . Based on our experience, using the CT or MRI slice with the maximum ONFH area for typing has higher practical significance in the clinical judgement of the prognosis of ONFH. Furthermore, clinicians may have diverse opinions regarding which CT/MRI slice should be used as the image of the medial plane of the femoral head (35) . As a consequence, selection errors may occur. By contrast, the slice with the maximum necrotic area is relatively definite on CT and on MRI, so it is easy to select and convenient to use, which may increase the accuracy and repeatability of the clinical application. Therefore, in the present study, the CT or MRI slice with the maximum coronal necrotic focus was used for ABC typing to predict the occurrence of collapse in ONFH. In addition, CJFH typing fails to quantitate how much of the lateral pillar must be intact to prevent the occurrence of femoral collapse. Furthermore, CJFH typing does not cover all ONFH conditions (e.g., when only the lateral pillar or the central pillar is affected by necrosis), which further limits its clinical application. Finally, although CJFH typing is based on the three-pillar theory, it fails to specify detailed demarcation criteria. In the present study, an ABC typing method was proposed based on the mechanical distribution characteristics of the bone trabeculae inside the femoral head, and a detailed approach that provides criteria for the demarcation of the three-pillar structure was applied. The present study indicated that the proportions of types A, B and C in ONFH were 0.9, 9.4 and 1.3%, respectively, whereas the proportion of type A-C was as high as 66.8%; these results indicate that ONFH involving only a single pillar is a rare clinical phenomenon. By contrast, ONFH involving three pillars is the most frequent clinical condition, followed by the involvement of two pillars. The incidence of collapse in types A, B, C, AB, BC and A-C was 50, 9.5, 0, 74.1, 52.4 and 88.6%, respectively, with an order, from high to low, of A-C>AB>BC>A>B>C, and the differences were significant. This result indicates that ABC typing is able to determine the probability of collapse in ONFH with different areas/extent of necrotic involvement, thereby offering value in clinical application. In addition, the present study indicated that the collapse rate of ONFH involving three pillars was 88.6%, that of ONFH involving two pillars was 64.6% and that of ONFH involving one pillar was 11.5%. ONFH involving the lateral pillar had a collapse rate of 86.0%, which was significantly different from that for ONFH without lateral pillar involvement. These results suggest that the size of the necrotic area and whether the lateral pillar is involved are influential factors regarding the collapse of the osteonecrosis-affected femoral. In the present study, the collapse rate of type C ONFH was 0%, and collapse occurred in only two of the 21 hips (9.5%) with type B ONFH, which suggests that collapse does not tend to occur in ONFH with a small necrotic focus that involves only the medial or central pillar. By contrast, the collapse rates of types A-C and AB were as high as 88.6 and 74.1%, respectively, which suggests that collapse is likely to occur in ONFH with a large necrotic size and ONFH involving the lateral pillar. The present study further analysed the correlation between the risk value (based on the number of pillars involved and the involvement location) and the collapse rate. The Spearman rank test revealed a significant correlation (R=1), which indicates that ABC typing is satisfactorily correlated with the collapse risk in ONFH and may be utilized for prediction of collapse. This result was similar to results based on JIC typing (19) and CJFH typing (30) . However, the demarcation method for the three pillars according to the ABC method proposed in the present study was based on biomechanical theory, and this newly proposed typing method considers the anatomical characteristics of the normal femoral head and the stress distribution characteristics of the bone trabeculae inside the femoral head; thus, the demarcation criteria for this typing method are more specific, compared with JIC and CJFH typing. Furthermore, the ABC typing method utilizes the plane with the maximum necrotic area for typing, which is different from JIC and CJFH, and can better reflect the actual ONFH status, thereby increasing the accuracy of collapse prediction. Of note, the present study has certain limitations. First, it was a cross-sectional study, so the accuracy of collapse prediction remains to be validated by prospective studies. Furthermore, the ABC typing described in the present study only considered the necrotic area and the necrotic location, and the factor of bone remodelling ability after ONFH was excluded. This exclusion was primarily due to the complexity of the typing issues and for convenience in clinical practice. In any case, the combination of these results with those of a previous study by our group on the sclerotic rim (13) may further increase the accuracy of collapse prediction in ONFH. Finally, the sample size of the present study was small. To further validate the accuracy of the ABC typing method in predicting the collapse of the osteonecrosis-affected femoral, multicentric prospective studies with larger sample sizes should be performed in the future.
In conclusion, the ABC typing method applied in the present study took the lesion size and location into account, and a satisfactory correlation with the collapse risk in ONFH was determined. The ABC method is easy to perform with reproducibility. The significance of the proposal of this method lies in that the typing outcomes help determine appropriate treatment protocols according to the specific risk of collapse and goals of treatment. In the ABC typing system, types A-C and AB had a poor prognosis, whereas types B and C had a good prognosis, followed by types BC and A, which suggests that the occurrence of collapse is associated with the necrotic area: The larger the necrotic size, the higher the risk of collapse. Furthermore, collapse occurrence is associated with the necrotic location: The closer to the lateral side of the femoral head, the higher the risk of collapse. The co-existence of a large necrotic area and a lateral necrotic location increases the collapse risk in ONFH. Based on the type classification outcomes, the following is suggested: i) For type C ONFH, special treatment is normally unnecessary as collapse is generally unlikely to occur in this type, and regular follow-ups are enough for patients with this condition. ii) Type B has a low risk of collapse, so that for patients with this type of ONFH, biological treatment (e.g., stem cell transplantation, circulation improvement, medication for bone resorption inhibition and bone formation promotion) may be selected as the major therapeutic method in clinical practice, whereas lifestyle intervention measures are not required. iii) The A and BC types have a considerable risk of collapse, so for patients with these types of ONFH, lifestyle intervention measures and non-supportive cancellous bone transplantation, such as those for weight-bearing protection, reduction of joint load and bone grafting impaction, are necessary in addition to biological treatment. iv) The A-C and AB types have a high risk of collapse, and for affected patients, appropriate therapies for improving biomechanical support (e.g., osteotomy and grafting of the fibula) are required to prevent the occurrence of collapse, apart from biological treatment and lifestyle intervention measures.
